The dependences of the stability of the two-dimensional electron gas (2DEG) on the doping concentration and the heterostructure in GaN-based high-electron-mobility transistors were investigated, in an annealing experiment at 500 C under N 2 ambient. Both the 2DEG density and mobility decreased after annealing due to the strain relaxation in an AlGaN layer. Moreover, a decrease in 2DEG conductivity was found in samples with different doping concentrations in a Si-doped AlGaN layer. A significant decrease in 2DEG conductivity occurred in a sample with a thicker AlGaN layer due to a larger strain relaxation. We found that a GaN cap layer could enhance the stability of the 2DEG up to 75 h of aging. Relaxation suppression by the GaN cap inducing dislocation pinning is proposed to interpret this effect. Recently, AlGaN/GaN heterostructures have attracted considerable attention because of their unique properties. The combination of wide band gap and built-in electrical polarization renders GaN-based high-electron-mobility transistors (HEMTs) ideal for high-power and high-frequency microwave device applications, 1,2) which require a high sheet carrier concentration, a high electron mobility and a saturated velocity in 2DEG channel. The formation of the high sheet carrier concentration of the 2DEG in AlGaN/ GaN heterostructures relies both on the piezoelectric and spontaneous polarizations. In particular, in wurtzite Ga(Al)-face heterostructures, the strain-induced or piezoelectric polarization of a completely strained top layer is more than five times larger than that of AlGaAs/GaAs structures, leading to a significant increase in sheet carrier concentration at the interface.
The dependences of the stability of the two-dimensional electron gas (2DEG) on the doping concentration and the heterostructure in GaN-based high-electron-mobility transistors were investigated, in an annealing experiment at 500 C under N 2 ambient. Both the 2DEG density and mobility decreased after annealing due to the strain relaxation in an AlGaN layer. Moreover, a decrease in 2DEG conductivity was found in samples with different doping concentrations in a Si-doped AlGaN layer. A significant decrease in 2DEG conductivity occurred in a sample with a thicker AlGaN layer due to a larger strain relaxation. We found that a GaN cap layer could enhance the stability of the 2DEG up to 75 h of aging. Relaxation suppression by the GaN cap inducing dislocation pinning is proposed to interpret this effect. Recently, AlGaN/GaN heterostructures have attracted considerable attention because of their unique properties. The combination of wide band gap and built-in electrical polarization renders GaN-based high-electron-mobility transistors (HEMTs) ideal for high-power and high-frequency microwave device applications, 1, 2) which require a high sheet carrier concentration, a high electron mobility and a saturated velocity in 2DEG channel. The formation of the high sheet carrier concentration of the 2DEG in AlGaN/ GaN heterostructures relies both on the piezoelectric and spontaneous polarizations. In particular, in wurtzite Ga(Al)-face heterostructures, the strain-induced or piezoelectric polarization of a completely strained top layer is more than five times larger than that of AlGaAs/GaAs structures, leading to a significant increase in sheet carrier concentration at the interface.
3) The effects of the doping concentration, the AlGaN thickness and the GaN cap on the conductivity of the 2DEG in GaN-based HEMTs were investigated. [4] [5] [6] [7] However, a study on the thermal stability of the 2DEG in AlGaN/GaN heterostructures is still in its initial stages. 8) The reasons behind the degradations of the 2DEG like current collapse, 9) self-heating, 10) deep traps, 11) and surface states 12) are not completely understood. In particular, the self-heating effect in AlGaN/GaN heterostructures strongly compromises device characteristics and leads to the degradation of the device. 8, 10, 13) It has been found that the temperature inside the 2DEG channel increases rapidly with power dissipation and, for example, at 6 W/mm, the temperature reaches $320 C for a sapphire substrate. 14) Investigation into the thermal stability of AlGaN/GaN heterostructures is desirable before introducing any devices into the market.
In this study, we investigated the dependences of the thermal stability of GaN-based HEMTs on the doping concentration and the structural parameters in an annealing experiment at 500 C under N 2 ambient. We found that the 2DEG conductivity decreased when the AlGaN layer became partially relaxed. It is evidenced that the stability of AlGaN/GaN heterostructures can be partly improved using a GaN cap layer. This structure was also adopted by Shen et al. 15) for high power devices.
Modulation-doped AlGaN/GaN-based heterostructures were grown on epiready (0001) sapphire substrates by low-pressure (200 mbar) metalorganic chemical vapor deposition (MOCVD). Trimethylgallium (TMGa), trimethylaluminum (TMAl) and ammonia (NH 3 ) were used as the Ga, Al and N precursors, respectively, with H 2 as the carrier gas. Following a GaN nucleation layer grown at 550 C, a 2-mmthick unintentionally doped GaN buffer layer was grown at 1190 C. The following five different modulation-doped structures were prepared for this study: one intentionally undoped structure consisting of 20 nm undoped AlGaN grown on top of the GaN buffer, and four doped structures consisting of a 3 nm undoped AlGaN spacer, a 15 nm Sidoped AlGaN carrier supply layer, and a 2 nm undoped AlGaN barrier layer grown on top of the GaN buffer. The doping concentrations were controlled to be 3 Â 10 18 cm
À3
and 1 Â 10 19 cm À3 . In the case of the 3 Â 10 18 cm À3 doped structure, two other structures were employed. One was a 30 nm Si-doped AlGaN carrier supply layer, the other was a 2 nm undoped GaN cap grown on top of the AlGaN barrier layer with a 15 nm Si-doped AlGaN carrier supply layer. The schematic diagrams of these structures are shown in Fig. 1 . The Al mole fraction determined by high-resolution x-ray diffraction (HRXRD) is around 30%. The 2DEG densities and mobilities of these five samples (7 mm Â 7 mm) were characterized at room temperature by Van der Pauw Hall measurement. Ohmic contact was prepared using e-beam-evaporated Ti/Al/Ni/Au, followed by annealing at 880 C for 20 s under N 2 ambient. The annealing experiment at 500 C under N 2 ambient was employed for these five samples to examine their thermal stability. The strain state of the AlGaN layer was determined by HRXRD measurement using a Philips double-crystal diffractometer employing Cu K 1 radiation from a Ge (004) monochromator.
The 2DEG sheet densities and mobilities of the first-group samples, which consist of three samples with the same heterostructure but different Si-doping concentrations in the AlGaN carrier supply layer ( Fig. 1(a Fig. 2(a) . The initial sheet density of a sample with a high Si-doping concentration is observed to be larger than that of an undoped sample, which can be attributed to more electron sources in a doped sample. 16) In contrast, both the 2DEG sheet densities and mobilities decreased irreversibly during the 75 h of aging of all of our three samples, indicating the degradation of the conductivity ( Â n s ) of the 2DEG.A large decrease in 2DEG density occurred in the sample with a high Si-doping concentration, and a large decrease in 2DEG mobility occurred in the undoped sample.
The 2DEG conductivities ( Â n s ) of these samples as functions of annealing time are shown in Fig. 2(b) . These 2DEG conductivities ( Â n s ) roughly linearly degrade during the 75 h of aging. A similar process of 2DEG conductivity degradation is found despite a different initial conductivity.
The 2DEG sheet densities and mobilities of the three second-group samples with different heterostructures versus the annealing time were measured as shown in Fig. 3(a) . The schematic diagrams of the structures of these three samples are shown in Figs. 1(a)-1(c) , all of which were subject to 3 Â 10 18 cm À3 doping. The obvious reduction in the initial sheet density of the sample with a GaN cap should be attributed to fewer surface states being ionized. 6) In the same manner, both the 2DEG sheet densities and mobilities decrease during the 75 h of aging for these three samples. Significant reductions in 2DEG sheet density and mobility occur in the sample with a thicker AlGaN layer, whereas insignificant reduction in 2DEG sheet density and mobility occur in the sample with a GaN cap. The 2DEG conductivities ( Â n s ) of these three samples as functions of annealing time are shown in Fig 3(b) . A significant reduction in 2DEG conductivity occurs in the structure with a thicker AlGaN layer after 30 h of aging. However, the structure with a GaN cap exhibits a higher thermal stability and an insignificant change in 2DEG conductivity after 75 h of aging.
For the second-group samples with different structures, indicated by the degradation of the 2DEG behavior after annealing, the strain relaxation in the AlGaN layer was revealed by HRXRD measurement. Figure 4 shows the dependence of the strain relaxation of the AlGaN layer in the different structures on the annealing time up to 240 h. The strain in the AlGaN layer relaxed linearly with the annealing time. A larger strain relaxation occurs in a thicker AlGaN layer due to the fact that the thickness of this layer is closer to the critical thickness. 5) However, a smaller strain relaxation occurred in the structure with a GaN cap after 75 h of aging. The relaxation process was partly suppressed, or at least delayed due to the GaN cap.
The inset in Fig. 4 shows typical 35 nm Al 0:3 Ga 0:7 N/GaN !=2 diffractions at symmetric (0002) scan before and after annealing for up to 170 h. When the strain relaxes, the crystal lattice partly recovers and the (0002) diffraction peak of Al 0:3 Ga 0:7 N obviously shifts towards a smaller diffraction angle.
It is well known that the sheet density of the 2DEG relies on the spontaneous polarization and the piezoelectric polarization given by 3) P PE ¼ 2" xx e 31 À e 33 C 13 C 33
;
where " xx is the in-plane strain of the AlGaN layer. As shown, the piezoelectric polarization P PE is proportional to the in-plane strain " xx . Thus, a partial strain relaxation of the AlGaN epilayer leads to a reduction in piezoelectric polarization. This may result in a decrease in 2DEG sheet density. The strain relaxation of the AlGaN layer not only reduces the 2DEG density, but also has a significant impact on the 2DEG mobility. The defects, such as an edge or misfit dislocation at the interface, induced by the relaxation in the AlGaN layer, cause a strong scattering of the 2DEG. 5, 17) In the first-group samples with AlGaN layers of the same thickness, the same strain relaxation should occur. The fact that the different degradations of the 2DEG densities could be attributed to the effects of the different electron sources on the 2DEG. For an undoped sample, the surface state is the main source of the 2DEG. 16) However, for a sample with Sidoping, the carrier supply layer serves as a 2DEG source. More electrons could be trapped due to the defects induced by the strain relaxation. For the degradation of the 2DEG mobility, scattering by dislocations and defects is more significant for a lower sheet density. With increasing sheet density, scattering by these mechanisms is reduced due to screening, and polar optical phonon scattering gradually becomes dominant, 18) as shown in Fig. 2(a) . In the second-group samples with different heterostructures, different strain relaxations occur. The large reduction in 2DEG sheet density in the sample with a thicker AlGaN layer should be attributed to the large strain relaxation, whereas that in 2DEG mobility should be attributed to the larger scattering by these defects. However, small scattering occurred in the structure with a GaN cap due to a small strain relaxation.
The strain relaxation in heterostructures is attributed to the dislocation motion or glide. 19, 20) The dislocation motion requires a definite energy as the driving force. A large relaxation occurs at a higher temperature due to a higher driving energy. Additionally, a larger tensile strain in an AlGaN layer forms at a higher temperature due to the smaller thermal expansion coefficient (4:5 Â 10 À6 K À1 for AlN) of AlGaN than that (5:59 Â 10 À6 K À1 ) of GaN. 21) The AlGaN surface is further solidified despite using a thin GaN cap. More energy is required as the driving force to initiate the obstacle-controlled dislocation glide. Therefore, an effective dislocation pinning was achieved at the interfaces. The relaxation was partly suppressed, or at least delayed. 20) In summary, the different degradation behaviors of the 2DEG densities and mobilities in GaN-based HEMTs were observed over 75 h annealing at 500 C under N 2 ambient. The degradation should be attributed to the strain relaxation in the AlGaN epilayer. The degradation of the 2DEG conductivity was found to be independent of the doping concentration of the AlGaN epilayer. However, a significant degradation of the 2DEG behavior occurred in the structure with a thicker AlGaN epilayer. The transport properties of the 2DEG are affected significantly by the strain-induced polarization of the AlGaN layer. We demonstrated that the GaN cap effectively improved the thermal stability of the 2DEG due to the relaxation suppression in the AlGaN epilayer by the GaN cap inducing dislocation pinning.
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